This study aimed to identify brain regions with the least decreased cerebral blood flow (CBF) and their relationship to physiological parameters during human non-rapid eye movement The cerebral white matter CBF keeps constant during NREM sleep as well as the occipital cortical CBF, and may be specifically regulated by both CO 2 vasoreactivity and pressure autoregulation.
Introduction
Non-rapid eye movement (NREM) sleep accounts for up to 80% of total human sleep (36) and is physiologically and neurophysiologically distinct from wakefulness and rapid eye movement sleep, which are similar (29, 53) . While it is known that various physiological parameters change mainly during NREM sleep, the relationship between brain region and each physiological parameter during sleep has remained elusive. It is essential to gain a thorough understanding of this relationship not only for the consideration of confounding factors in sleep research (26, 59) , but also for purposes of investigation into the pathogenesis and pathophysiology of circulatory (9, 10) , cerebrovascular (15, 25) , and neuropsychiatric diseases (24, 33, 41) .
During human NREM sleep, arterial blood pressure and heart rate fall due to reduced sympathetic nerve system activity (28, 50) ; and, CBF decreases both globally (23, 30, 49, 58) and regionally (7, 23, 32) . It is known that blood carbon dioxide (CO 2 ) is the strongest vasodilator of the brain (18, 28) , and is also one of the end products of brain metabolism. It is also known that regional CBF (rCBF) changes linearly with arterial, arteriolar, and precapillary normal Paco 2 , and is correlated better with Paco 2 than with tissue Pco 2 (47) . Despite blood CO 2 increasing CBF up to 7%/mm Hg (22) and accumulating during NREM sleep (51, 63) due to reduced output from medullary respiratory neurons to respiratory muscles (40) , a region with increased or maintained CBF relating to Paco 2 during the progression of NREM sleep has never been clearly identified. This seems to be a paradox and deserves investigation in search of a neurobiologic explanation. 3 In this study, we hypothesized that the white matter CBF increases or keeps constant, relating to blood CO 2 , and that this implies a physiological role during sleep. Almost all previous sleep studies, including our previous study (23) , have focused mainly on the activation or deactivation of the whole cerebral hemisphere or the gray matter and have paid little attention to the white matter (7, 23, 30, 32, 49, 58) , which differs fundamentally from the gray matter in terms of energy requirements and metabolic rate (47) . The aim of this study is to identify areas with increased or constant CBF during human NREM sleep and to clarify the relationship of rCBF to blood CO 2 and other physiological parameters.
METHODS
Subjects and experimental procedure. Fifteen healthy, right-handed male university students served as study subjects between September 1999 and October 2000. Written informed consent, approved by the Intramural Research Board of the National Center of Neurology and Psychiatry (Kodaira, Tokyo, Japan), was obtained from each subject before participation in the study. Our study did not include sleep deprivation, therefore each subject was instructed to sleep regularly between the hours of 10:00 p.m. and 7:00 a.m. for at least a week prior to the experiment. Subjects' compliance with the instructions was monitored by actigraph. Those failing to comply with the instructions were excluded from the study. Finally, nine subjects (age, Each subject lay on a PET scanner couch with electrodes attached to the head for polysomnography and an individually-molded thermoplastic facemask was used to stabilize the head. A venous line was inserted into the right median antebrachial vein for tracer injection. An arterial line was inserted into the left radial artery for blood pressure monitoring, arterial blood gas analysis, and radioactivity measurements. A flow-through radioactivity monitor (PICO COUNT; Bioscan, Washington, DC) was used to detect the radioactivity of the arterial blood by automatic sampling throughout the scanning period. The length of the catheter was 30 cm from the radial artery to the flow-through radioactivity monitor. The delay and dispersion were simultaneously corrected using the measured arterial time activity curve and the tissue time activity curve (27) . Arrival time of the radioactivity between the radioactivity monitor and the brain was not corrected. Mean arterial blood pressure (MAP), pulse pressure, and heart rate were recorded immediately before tracer injection for each scan. Electroencephalograms at F3, F4, C3, C4, P3, P4, Fz, Cz, and Pz with A1 and A2 reference, monopolar electrooculograms from both canthi, and bipolar electromyograms taken from the chin were monitored for sleep stage scoring.
PET procedure. A maximum of 12 intravenous injections of 259 MBq (7 mCi)-[15O]-H2Owere administered to each subject during relaxed wakefulness, light sleep, and deep sleep.
The whole body exposure was 1 mSv, which is the limit in the recommendation of the International Commission on Radiological Protection (38) Spatial normalization was employed to fit each individual set of brain data to a standard brain template in 3-dimensional space in order to correct for differences in brain size and shape and to facilitate inter-subject averaging. The stereotactically normalized scans contained 68 planes (voxel size, 2 × 2 × 2 mm), and smoothing was done with a Gaussian kernel (10 × 10 × 6 mm). Global gray matter and global white matter CBF were obtained by tissue segmentation of the smoothed, spatially normalized PET image using SPM analysis. SPM produces probability maps of CSF and gray or white matter, based both on histogram analysis of pixel intensities and on reference to templates of tissue probability distribution created from MRIs of a population of controls. The segmentation is then performed by cluster analysis with a modified mixture model and the likelihoods of each voxel being one of a number of different tissue types (1). The wholebrain mean CBF was determined using both the CBF value and voxel number of each segment of gray matter and white matter.
In the analysis of the relative changes in rCBF, the mean whole-brain CBF in each image was normalized to 50 ml/100 g/min by the proportional scaling method, and the gray matter threshold was set at 0.3 to include the white matter. After the appropriate design matrix was specified, the condition of each voxel in each patient was assessed according to the theory of Gaussian fields. The exact level of significance of difference between conditions was characterized by peak amplitude. A cluster threshold was not set in the SPM analysis because we made an a priori hypothesis that the white matter CBF is related to the physiological parameters, which have never been proven to affect a certain localized region of the brain. The exact level of significance of volumes of difference between conditions was characterized by peak amplitude. Voxels that had peak T values greater than 3.45 (uncorrected P = 0.001) were considered to show a significant difference. Finally, this analysis evaluated areas where the relative rCBF significantly increased or decreased among stages of wakefulness-NREM sleep.
ROI analysis. In order to assess the absolute rCBF, region of interest (ROI) analysis was applied, based on the results of SPM analysis, to the frontoparietal association cortex (bilateral medial frontal and inferior parietal cortices), thalamus, perirolandic cortex (the primary motor cortex and unimodal somatosensory regions of the parietal cortex), occipital cortex (including the primary and secondary visual cortices in the striate and lateral occipital gyri), and cerebral white matter. Using MRIcro-software (Rorden C, University of Nottingham, Nottingham, UK [http://www.psychology.nottingham.ac.uk/staff/cr1/mricro.html]), each ROI was manually drawn on a prior probability MNI image segmented for gray or white matter. The ROI boundary of the cerebral white matter was defined -on the white matter segmented image of a upper corona radiata slice -so as to include all of the white matter region, sparing the subcortical white matter adjacent to the cerebral cortex in order to exclude the effect of partial volume averaging. The absolute value of each ROI was then automatically calculated for every image. Additionally, based on the distribution of the significantly increased relative CBF in the cerebral white matter during the progression of NREM sleep, we set a ROI at both the frontal lobe white matter and the posterior cerebral white matter including the occipital and parietal lobe.
Statistical analysis.
Using repeated-measure analysis of variance with Bonferroni's post hoc procedure, we compared the following: each physiological parameter, whole-brain, global gray matter and global white matter mean absolute CBF, and the absolute CBF in the frontoparietal association cortex, thalamus, perirolandic cortex, occipital cortex, cerebral white matter, frontal lobe white matter, and posterior cerebral white matter. To determine multi-subject correlation between the absolute rCBF of the brain region and each physiological parameter, multiple linear regression analysis was performed. From each linear regression line, average regression slope was calculated for the brain region. Finally, the difference in the average regression slope between brain regions was evaluated using Student's t test. The level of significance was set at P < 0.05. 
RESULTS
During the progression of NREM sleep, there were significant reductions in the physiological parameters of MAP, heart rate, arterial pH, and Pao 2 , and a significant increase in Paco 2 (Table 1 ). No significant difference was found in pulse pressure (P = 0.262) and Pao 2 (P = 0.206). Post hoc analysis showed a significant difference between wakefulness and deep sleep in MAP (P = 0.006), heart rate (P < 0.0001), arterial pH (P < 0.0001), and Paco 2 (P < 0.0001) and between wakefulness and light sleep in heart rate (P < 0.0001), arterial pH (P < 0.0001), and Paco 2 (P < 0.0001). There was a significant difference in whole-brain mean CBF among stages of wakefulness-NREM sleep: 51.1 ± 6.6 during wakefulness, 47.5 ± 6.9 during light sleep, and 47.3 ± 4.7 ml/100 g/min during deep sleep; and in global gray matter mean CBF: 56.1 ± 7.3 during wakefulness, 52.1 ± 7.7 during light sleep, and 51.5 ± 5.0 ml/100 g/min during deep sleep (Fig. 1) . Post hoc analysis did not show any significant difference in either whole-brain or global gray matter mean CBF. Global white matter mean CBF did not differ significantly among the stages: 34.4 ± 5.7 during wakefulness, 33.9 ± 4.8 during light sleep, and 34.1 ± 3.6 ml/100 g/min during deep sleep (Fig. 1) .
SPM analysis showed significantly decreased relative rCBF ( Fig. 2A) increased relative rCBF was restricted to the cerebral white matter (Fig. 2, B and C) .
Absolute rCBF was significantly different among the wakefulness-NREM sleep states in the frontoparietal association cortex (Fig. 3A, upper left) : 54.2 ± 7.9 during wakefulness, 48.8 ± 7.5 during light sleep, and 48.2 ± 5.3 ml/100 g/min during deep sleep (P = 0.004); and in the thalamus (Fig. 3A, upper middle) : 61.5 ± 7.2 during wakefulness, 48.5 ± 6.3 during light sleep, and 46.6 ± 4.7 ml/100 g/min during deep sleep (P < 0.0001) (Fig. 4) . In the perirolandic cortex (Fig. 3A, upper right) , repeated-measure analysis of variance did not show a significant difference in absolute CBF: 50.8 ± 6.4 during wakefulness, 47.1 ± 6.7 during light sleep, and 47.8 ± 5.9 ml/100 g/min during deep sleep (P = 0.067), while post-hoc analysis showed a significant difference between during wakefulness and light sleep (P = 0.036) (Fig. 4) . No significant difference in absolute rCBF was found in the occipital cortex (Fig. 3A, lower left 
55.2 ± 6.7 during wakefulness, 54.3 ± 8.4 during light sleep, and 56.7 ± 7.9 ml/100 g/min during deep sleep (P = 0.611); or in the cerebral white matter (Fig. 3A, lower right) : 25.9 ± 3.8 during wakefulness, 25.8 ± 3.3 during light sleep, and 26.9 ± 3.0 ml/100 g/min during deep sleep (P = 0.592) (Fig. 4) .
There was a significant correlation between the absolute CBF of the frontoparietal association cortex and Paco 2 (Fig. 5) , between that of the thalamus and both Paco 2 and MAP (Figs. 5 and 6 ), between that of the frontoparietal association cortex and both heart rate (R = 0.42, P < 0.001) and pH (R = 0.49, P < 0.0001), between that of the thalamus and each of heart rate (R = 0.64, P < 0.0001), pH (R = 0.64, P < 0.0001), and Pao 2 (R = 0.34, P = 0.006), and between that of the perirolandic cortex and both heart rate (R = 0.31, P = 0.014) and pH (R = 0.33, P = 0.009).
No significant correlation was found between either absolute CBF of the cerebral white matter or occipital cortex and any physiological parameter including Paco 2 or MAP (Figs. 5 and 6 ), or in any other comparison. A significant difference in the average regression slope of the absolute rCBF was detected with respect to Paco 2 between the occipital cortex and both frontoparietal association cortex and thalamus and between the cerebral white matter and both frontoparietal cortex and thalamus, and, with respect to MAP, between the cerebral white matter and thalamus ( Table 2 ). The absolute CBF of the frontal lobe white matter was significantly higher than that of the posterior cerebral white matter during wakefulness and light sleep ( Fig. 3B and 7) . No significant difference in the absolute CBF between both white matters was found during deep sleep. There was no significant correlation between either white matter CBF and any physiological parameter through wakefulness-NREM sleep states and no significant difference in any average regression slope between both white matters.
DISCUSSION

Validity of increased relative rCBF.
In the SPM analysis, we carefully analyzed increased relative rCBF in order to exclude false-positive areas that can arise from the lesser-reduced rCBF in the normalization of lower whole-brain mean CBF. Therefore, we applied proportional scaling for the whole-brain CBF normalization, since this model is considered appropriate to minimize false-positive areas with less decreased CBF while whole-brain mean CBF decreased. Finally, we confirmed such areas as true-positive by ROI analysis, which showed the absolute CBF of the cerebral white matter where it is considered that the partial volume averaging effect from the gray matter to the subcortical white matter can be minimized. Based on the evidence that CBF increased 30% with a 4.4-mm-Hg increase of Paco 2 through the CO 2 inhalation method in wakefulness (22) , it is reasonable that, even if taking different subjects' states of consciousness into consideration, areas of the brain with maintained CBF could exist in our study with a 3.8-mm-Hg increase of Paco 2 .
Constant absolute CBF of the cerebral white matter during NREM sleep. We showed that absolute CBF of the cerebral white matter was selectively constant during human NREM sleep, despite the blood pressure reduction.
From the viewpoint of tissue specificity, what is the physiological role of CBF maintenance of the cerebral white matter during sleep? During the progression of NREM sleep, blood pressure falls, blood CO 2 piles up, and the CBF in most gray matters including the cerebral association cortex and thalamus decreases depending on the metabolic rate. Although such deactivation may affect the cerebral white matter where the reciprocal thalamo-cortico-thalamic loop courses, the white matter is basically distinct from gray matter in terms of energy-tolerance and flow vulnerability. It is known that the gray matter, especially the synaptic region on the distal dendritic tree where glutaminergic terminals and astrocytic processes are located, is a highly specialized metabolic unit in which the activation signal is furnished by the neuron or modulated by the astrocyte, and consequently has a very large capacity to change the metabolic rate (31) . On the other hand, oligodendroglia/myelin of the white matter probably has a metabolic rate about one-third of that in the gray matter at the Ranvier's nodes where Na + /K + dependent ATPase operates to restore ionic gradients (55) . Both oligodendroglia/myelin and axon have a limited capacity to change the metabolic rate (47) . Furthermore, the cerebral white matter is more vulnerable to chronic cerebral hypoperfusion than the gray matter (8, 61) , in association with DNA fragmentation in the oligodendroglia (57) .
From a neurodevelopmental viewpoint, the white matter of young adults seems to be different from that of the elderly adults. MRI studies showed that the volume of the cerebral white matter increased linearly from ages 4 to 20 (3, 14) . This increase is probably based on maturational process such as myelination or axonal growth (4, 21) . On the other hand, cortical gray matter volume continues to decrease linearly after adolescence (17, 42) , probably due to shrinkage of large neurons (56) . Therefore, during NREM sleep in young adults, which after all was our study population, the CBF demand on the cerebral white matter may be generally large compared with that on the gray matter. Absolute CBF of the occipital cortex and perirolandic cortex. Absolute CBF of the occipital cortex was also constant during NREM sleep. During this period, it is known that CBF does not change in the unimodal somatosensory regions or sensory regions including the perirolandic cortex and occipital cortex (7, 23) . These regions may be spared from the effect of intralaminar thalamus by the brainstem reticular formation during NREM sleep and may be preserved within local circuitry or represent intracortical or transcallosal transfer of information (7) . However, in the present study, absolute CBF of the perirolandic cortex showed a significant decrease during light NREM sleep. This is considered to be due to the fact that, contrary to previous studies, subjects in this study did not undergo a sleepdeprivation procedure, which increases the nerve growth factor expression in the pyramidal neurons in the rat somatosensory cortex (6). The SPM result showing an increase in relative rCBF in the perirolandic cortex during light NREM sleep compared with wakefulness is probably due to the normalization artifact caused by decreased whole-brain mean CBF.Mechanism of maintenance of the cerebral white matter and occipital cortex CBF during NREM sleep.
Mechanism of maintenance of the cerebral white matter and occipital cortex CBF during
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NREM sleep. CBF is primarily regulated by chemical stimuli (CO 2 vasoreactivity), perfusion pressure (pressure autoregulation), and neural stimuli. During NREM sleep, the cerebral white matter CBF may be regulated by the former two mechanisms and the occipital cortical CBF by CO 2 vasoreactivity. In the cerebral white matter, the relevance of CO 2 vasoreactivity is based on the fact that, while the absolute CBF of the thalamus and frontoparietal association cortex showed a significant negative correlation to Paco 2 through wakefulness-NREM sleep states, the absolute CBF of the cerebral white matter remained constant with change of Paco 2 ( Fig. 5 and Table 2 ). Although we could not assess any increased cerebral blood volume or vasodilatation, the constant CBF may be due to the accumulated blood CO 2 based on the below reports. Some studies have considered CO 2 vasoreactivity to have a global effect during sleep (7, 45) , but other studies have reported a difference in CO 2 vasoreactivity between the cerebral cortex and cerebral white matter. Using the CO 2 inhalation method during wakefulness, the cerebral cortex showed a marked vasoreactivity compared with the cerebral white matter (44, 60) . On the other hand, cerebral white matter showed a strong vasoreactivity in response to a 1-mm Hg change from the mean Paco 2 (16) . During sleep, CO 2 vasoreactivity of the cerebral cortex decreased compared with wakefulness (35) . These seem consistent with our findings.
The occipital cortex resembled the cerebral white matter in the relationship of absolute rCBF to Paco 2 ( Fig. 5 and Table 2 ). Regional difference in CO 2 vasoreactivity among the cerebral cortices has never been reported under sleep conditions. Since the occipital cortex, especially the primary visual cortex, has the thickest layer 4B (the line of Gennari), which contains the richest myelin concentration (2, 11) , it is speculated that there exists an agent interacting between oligodendroglia/myelin and vessels during sleep. Atrial natriuretic peptide, which we could not measure due to methodological limitations, is a possible intermediate agent 14 that acts as a vasodilator with a peak concentration in the late sleep stage (52) , is released according to the increase in blood CO 2 (12) , and has an affinity for the white matter (19).
Pressure autoregulation is another possible mechanism for the maintenance of the cerebral white matter CBF.
The absolute CBF of the cerebral white matter also remained constant against the change in MAP and showed a specifically lower regression slope with respect to MAP than did absolute CBF of the thalamus (Fig. 6 , Table 2 ). This may reflect the effect of the pressure autoregulation, which works to maintain constant perfusion by contraction or relaxation of the (mainly arteriolar) smooth muscle in the face of blood pressure changes. Since the cerebral white matter area involves a boundary zone with limited collateral flow between the middle cerebral artery perforators and the medullary branches of the pial arteries (37, 46) , this area, especially the periventricular region, is vulnerable to reductions in cerebral perfusion pressure (5). In animal experiments, pressure autoregulation of the cerebral white matter is less effective than that of the gray matter (62) . However, under the condition that CBF in most gray matters decreases depending on neuronal deactivation, pressure autoregulation may work selectively in the maintenance of the cerebral white matter CBF.
Among the cerebral white matter, a regional difference may exist regarding CBF regulation.
Based on our results that the frontal lobe white matter increased less in absolute CBF ( Fig. 2C and 7), the frontal lobe white matter seemed to change less in relationship with physiological parameters during NREM sleep. This may imply that the frontal lobe activity is physiologically allowed to change the least.
Overall, it is speculated that the cerebral white matter is physiologically protected from the gradual hypoperfusion of the brain recurring every night. From a pathophysiological perspective, further investigation is needed to clarify whether the CBF maintenance of the cerebral white matter can be observed in the elderly subjects whose gray and white matter have declined due to degenerative processes, and whether the CBF maintenance of the cerebral white matter has clinical relevance in subjects with the CBF dysregulation that causes independent CBF change of Paco 2 or arterial blood pressure (34, 39, 48) .
Conclusion.
We showed a unique state-and region-specific difference in CBF regulation in young adult brains. During NREM sleep, the absolute CBF of the cerebral white matter keeps constant as well as that of the occipital cortex, and may be specifically regulated by both CO 2 vasoreactivity and pressure autoregulation, although that remains unproven or some mechanisms
should be discovered. Researchers should take this phenomenon into consideration when CO 2 or blood pressure is treated as a confounding factor in brain activation/deactivation studies of the sleep state. The cerebral white matter appears to be protected for some biophysiological reasons.
To determine whether our results have any clinical relevance, further investigation during sleep is required in the elderly and in subjects with impaired CBF regulation. These areas were found to be restricted to the bilateral cerebral white matter. Absolute CBF of the frontoparietal association cortex, thalamus, perirolandic cortex, occipital cortex, and cerebral white matter, measured by the ROI analysis. In the absolute CBF of the frontoparietal association cortex, light and deep NREM sleep were significantly lower than wakefulness (*, P = 0.007 and 0.005, respectively). In the absolute CBF of the thalamus, light and deep NREM sleep were significantly lower than wakefulness ( †, P < 0.0001, respectively).
In the absolute CBF of the perirolandic cortex, light NREM sleep was significantly lower than wakefulness ( ‡, P = 0.036). No significant difference was found in the absolute CBF of the occipital cortex or cerebral white matter. Relationship between Paco 2 and absolute rCBF during wakefulness-NREM sleep. Significant negative correlation was found between Paco 2 and the frontoparietal association cortex and thalamus. There was no significant correlation of Paco 2 to the perirolandic cortex, occipital cortex, or cerebral white matter.
Fig. 6.
Relationship between mean arterial blood pressure (MAP) and absolute rCBF during wakefulness-NREM sleep. Significant positive correlation was found between MAP and the frontoparietal association cortex and thalamus. There was no significant correlation of MAP to the perirolandic cortex, occipital cortex, or cerebral white matter.
Fig. 7.
Regional difference of absolute rCBF of the cerebral white matter. The CBF significantly differed between the frontal lobe and posterior cerebral white matter during wakefulness (*, P = 0.003) and light sleep ( †, P = 0.045). No significant difference was found between both white matter CBFs during deep sleep (P = 0.071), or in either frontal lobe or posterior cerebral white matter CBF among stages of wakefulness-NREM sleep (P = 0.765 and 0.731, respectively). Values are expressed as mean ± SD. Significant difference was found in mean arterial blood pressure (*, P = 0.011), heart rate ( †, P < 0.0001), arterial pH ( ‡, P < 0.0001), and Paco 2 ( §, P < 0.0001). the occipital cortex and frontoparietal association cortex (*, P = 0.021) and thalamus ( †, P < 0.001) and between the cerebral white 29 matter and frontoparietal association cortex ( ‡, P = 0.005) and thalamus ( §, P = 0.004), and in mean arterial blood pressure between the cerebral white matter and thalamus ( , P = 0.044). 
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